The proteobacteria, formerly known as "purple bacteria and their relatives," are a major class of bacteria (Gupta, 2000; Holt et al., 1994; Stackebrandt et al., 1988; Zinder, 1998) . This group of predominantly Gram-negative bacteria contains more than 200 genera with a great diversity of phenotypic and physiological attributes. Proteobacteria have been classified based on homology of 16S ribosomal RNA or by hybridization of ribosomal RNA or DNA with 16S and 23S ribosomal RNA (Fox et al., 1980; Woese, 1987; Woese et al., 1985) . The class has been divided into five major groups, a-, b-, g-, d-and e-. The g-proteobacteria include several families of utmost biological significance, several human, animal and plant pathogens, most notably the Enterobacteriaceae, Legionellaceae, Pasteurellaceae, Pseudomonadaceae, Vibrionaceae, and Xanthomonadaceae. Because of their biological importance, the genomes of more than 33 g-proteobacteria have been fully sequenced and are freely available in GenBank.
ribosome small subunit, has been established as the macromolecule of choice for single-gene phylogenetic analyses (Lane et al., 1985; Woese, 1987; Woese et al., 1990) . The 16S rRNA is an essential component of protein synthesis and is present in all bacteria. Because it is under highly constrained function, its gene is highly conserved throughout bacteria and even very distant bacterial species can be compared. The gene is easy to amplify and sequence using universal primers (Stackebrandt et al., 1991) . It is assumed that the homology between 16S rRNA sequences from different bacteria reflects the phylogenetic relationship between these organims. However, the copy number of 16S rRNA genes per bacterial genome ranges between 1 and 15 (Klappenbach et al., 2001) . Consequently, one of the premises in 16S rRNA sequenceinferred phylogenies is that a single 16S rRNA allele, any one, is representative of its taxon. It has long been assumed that the 16S rRNA allelic sequences within a bacterial isolate were nearly identical and the homology was governed by concerted evolution (Hillis et al., 1991) . In the last few years, however, 16S rRNA sequence heterogeneities have been reported for some bacteria at the intraspecies or intrastrain levels. This is the case for Phormium yellow leaf phytoplasma (Liefting et al., 1996) ; Mycobacterium strain "X" (Ninet et al., 1996) ; Paenibacillus polymyxa (Nubel et al., 1996) ; Mycoplasma capricolum (Pettersson et al., 1998) ; Mycobacterium celatum (Reischl et al., 1998) ; Escherichia coli (Martínez-Murcia et al., 1999) ; Paenibacillus turicensis (Bosshard et al., 2002) ; and Veillonella spp. (Marchandin et al., 2003) . In addition, some extensive studies on Escherichia spp. and Salmonella spp. (Cilia et al., 1996) and in GenBank (Acinas et al., 2004; Clayton et al., 1995; Coenye and Vandamme, 2003) have clearly shown that intraspecies and intrastrain heterogeneities were more widespread than initially thought, that the level of heterogeneity varies among taxa, and that in some cases, 16S rRNA allelic sequences could differ up to several percents. These raise serious questions regarding the bacterial phylogenies inferred from a single 16S rRNA allele per taxon. Should some paralogous alleles of 16S rRNA gene in a given bacterial strain be more divergent than orthologous alleles in another bacterial strain, comparison of 16S rRNA gene nucleotide sequences between different bacterial strains, species or genus could yield erroneous positioning of the taxon on the phylogenetic tree. We report here the analysis of the heterogeneity in 16S rRNA gene sequences of 175 alleles from 33 strains covering 23 species and 16 genera of the gproteobacteria deposited in GenBank. A phylogenetic tree with all 175 alleles is presented and clustering at the genus, species and strain levels is discussed.
The 33 g-proteobacteria species and strains analyzed in this study are listed in Table 1 . They were selected on the basis that their complete genome sequences were freely available through GenBank at the National Center for Biotechnology Information (NCBI) completed microbial genomes database (http: //www.ncbi.nlm.nih.gov/genomes/MICROBES/Complete.html; May 2004). These include one Alteromonadaceae species, 17 Enterobacteriaceae strains (nine species), one Legionellaceae species, three Pasteurellaceae species, three Pseudomonadaceae species, four Vibrionaceae strains (three species), four Xanthomonadaceae strains (three species). An e-proteobacterium, Helicobacter pylori, was included as an outgroup.
The GenBank accession numbers of the fully sequenced bacterial genomes are given along with the locations of the 16S ribosomal RNA (16S rRNA) genes as annotated in GenBank in Table 1 . In the absence of annotation, BLASTn was used to identify in a target bacterial genome the genes and alleles orthologous to a query 16S rRNA allelic sequence from a phylogenetically-related species. In the presence of annotations, BLASTn was used to confirm the annotations and confirm that no allele had been missed. When necessary, letters or numbers, or in some cases names, were added to distinguish each 16S rRNA allele from the same strain.
All 16S rRNA gene nucleotide sequences and bacterial names were collected in FASTA format. The multiple alignment of the nucleotide sequences of the 16S rRNA genes was done using Clustal W (Thompson et al., 1994) , version 1.83 (http://www.ddbj.nig.ac.jp/ search/clustalw-e.html). The slow pairwise alignment parameter was selected. Kimura's correction for multiple substitutions was selected (Kimura, 1980) . The Neighbor-Joining (Saitou and Nei, 1987) trees were bootstrapped using 1,000 random samples of sites from the alignment. TreeView (Page, 1996) , version 1.6.6 (http://taxonomy.zoology.gla.ac.uk/rod/ treeview.html), was used to display and print the phylogenetic tree.
The locations of the 16S rRNA alleles were annotated in GenBank for most bacterial genomes under study except Vibrio vulnificus CMCP6 and Pasteurella multicoda PM70. A total of 175 16S rRNA gene nucleotide sequences were retrieved from GenBank for the 33 g-proteobacteria species and strains under study. Two more sequences were retrieved for Helicobacter pylori, the outgroup. The number of 16S rRNA alleles varies from 1 (Blochmannia floridanus, each of the three Buchnera aphidicola strains, and Coxiella burnetii RSA 493) to 10 (Vibrio parahaemolyticus RIMD 2210633). The 16S rRNA alleles ranged in length from 1,536 nucleotides for each of the four alleles in Pseudomonas aeruginosa PAO1, to 1,585 nucleotides for the single allele in Blochmannia floridanus. A first multiple alignment revealed that the start and end points of the 16S rRNA alleles from Shewanella oneidensis MR-1, Buchnera aphidicola, Buchnera start and end points are indicated in Table 1 . The matrix generated after the corrected multiple alignment was 177 16S rRNA alleles X 1647 nucleotides in size, including the two 16S rRNA alleles from the outgroup. The rooted neighbor-joining tree based on the 16S rRNA sequences and showing the phylogenetic relationships among all 33 g-proteobacteria is presented in Fig. 1 . Bootstraps values lower than 90% are given.
Helicobacter pylori was used as an outgroup because it is close enough to the g-proteobacteria so that orthologous 16S rRNA alleles share homology, and distant enough to belong to a different phylogenetic group, the e-proteobacteria. In addition to the outgroup, eight clusters, each corresponding to a bacterial group, are revealed. These are the Legionellaceae, Xanthomonadaceae, Pseudomonadaceae, Alteromo-400 OLIVIER, LEE, and CÔTÉ V ol. 51 Fig. 1 . Phylogenetic relationships among 33 g-proteobacteria inferred from 175 16S rDNA allelic sequences. Two Helicobacter pylori 16S rDNA allelic sequences were used as outgroups. The multiple alignment of the nucleotide sequences of the 16S rRNA genes was done using Clustal W. The matrix generated after the corrected multiple alignment was 177 16S rRNA allelesϫ1,647 nucleotides in size. The tree was generated using the Neighbor-Joining method. Numbers indicate bootstrap values lower than 90% (of 1,000 cycles). Complete bacterial genome GenBank accession number, 16S rRNA gene name indicated in GenBank, suggested 16S rRNA gene name for discriminating between alleles when necessary, locations of the start and end points of the allele as indicated in GenBank, and locations after corrections when necessary are presented. Fig. 1 nadaceae, Vibrionaceae, Pasteurellaceae and Enterobacteriaceae. Several clusters are further sub-divided into sub-clusters which, in several cases, correspond to g-proteobacterial species. This is exemplified by The resolving power of this phylogenetic tree at the bacterial strain level, however, is limited and varies with the species and strains under study. 16S rRNA alleles from Xylella fastidiosa strains Temecula 1 and 9a5c, can be grouped in different strain-specific subclusters. This is also true for Buchnera aphidicola strains Bp, APS and Sg. This is not the case, however, for 16S rRNA alleles from Vibrio vulnificus strains YJ016 and CMCP6, from Salmonella enterica serovars Typhi Ty2 and Typhi CT18; or for Yersinia pestis strains CO92 and KIM. In these cases, alleles from different strains or serovars are mixed in a same cluster. The Escherichia coli and Shigella flexneri strains require different and additional comments. Whereas several 16S rRNA alleles from various Escherichia coli strains share identical or nearly identical nucleotide sequences at the intrastrain and intraspecies levels, the same can be said for several 16S rRNA alleles from various Shigella flexneri strains. Based on these, Escherichia coli and Shigella flexneri could almost be separated into different species-specific clusters. However, a few alleles from one species could cluster with an allele from the other as exemplified by Escherichia coli K12 allele (D) and Shigella flexneri 2a str. 2457T allele (D). Should a single allele be used for phylogenetic analysis, different relationships between Escherichia coli and Shigella flexneri could be inferred based on different selected alleles. DNA hybridization studies conducted decades ago have shown, however, that Shigella and Escherichia coli belong to the same genetic species (Brenner et al., 1972 (Brenner et al., , 1973 (Brenner et al., , 1982 . Clearly, here, the intertwining of the Escherichia coli and Shigella flexneri 16S rRNA alleles was not unexpected.
Next, a second phylogenetic tree was constructed, using a single allele per bacterial strain. When a single allele was present per taxon, or when the alleles were grouped at the species level, the choice was easy. In the few cases where alleles were not discriminatory at the bacterial strain or serovar levels, an allele that grouped with most alleles from same strain was selected. The rooted neighbor-joining tree based on the 16S rRNA sequences and showing the phylogenetic relationships between all 33 g-proteobacteria inferred from a single 16S rRNA allelic sequence per taxon is presented in Fig. 2 . Because of the high homology between intra-strain alleles revealed above, it is likely that a similar tree would have been obtained with other alleles from same bacterial strain. The key point, however, is that in most phylogenies inferred from comparison of 16S rRNA sequences, the usual approach is to use conserved primers to amplify 16S rRNA sequences. The amplified product is cloned and clones are usually selected at random for sequencing and subsequent DNA sequence comparison between taxa. A new field in bacterial ecology was even opened up by the application of this technology for the characterization of unculturable bacteria from various environments (Pace et al., 1986; Ward et al., 1990) . Our results on g-proteobacteria show that alleles are grouped at the species level, with the exception of Escherichia coli and Shigella flexneri. Random selection of 16S rRNA alleles within strain would not generate different phylogenetic trees for the g-proteobacteria studied here. We conclude that, for these g-proteobacteria, the selection of a single 16S rRNA allele is sufficient for inferring phylogenies, and that orthologous alleles from same strain would have generated similar phylogenetic trees. It would be hazardous, however, to extend this conclusion to other bacterial taxa. As mentioned earlier, the heterogeneities between 16S rRNA alleles at the intra-strain level varies among taxa. Acinas et al. (2004) have shown that some intra-strain 16S rRNA alleles from Desulfotomaculum kuznestovii (Clostridales) or Thermoanaerobacter tengcongensis (Thermoanaerobacteriales) could exhibit up to 8.3% and 11.6% nucleotide sequence divergence, respectively. Whether the positioning of these species on a phylogenetic tree may vary with the selected 16S rRNA allele, although likely, was not studied. Our conclusions on g-proteobacteria raise a few more questions. How accurate are the DNA sequences deposited in GenBank? It is generally assumed that sequences deposited in GenBank have a 0.1% error rate on the average (Clark and Whittam, 1992) . Did all 16S rRNA sequences presented here fall within the error rate? And perhaps as importantly, were they all free of post-sequencing artefacts, corrections, and modifications? To answer these questions, at least in part, all Escherichia spp. and Shigella spp.16S rRNA allelic sequences deposited in GenBank will be retrieved, irrespective of whether or not the host genome was fully sequenced, and compared with the sequences presented here. Different laboratories might have used different DNA sequencing methods which in turn might have generated different error rates or different postsequencing artefacts. In addition, in-house generated 16S rRNA allelic sequences will be included. Fig. 2 . Phylogenetic relationships among 33 g-proteobacteria inferred from 33 16S rDNA allelic sequences. Helicobacter pylori was used as an outgroup. The multiple alignment of the nucleotide sequences of the 16S rRNA genes was done using Clustal W. The matrix generated after the corrected multiple alignment was 34 16S rRNA allelesϫ1,647 nucleotides in size. The tree was generated using the Neighbor-Joining method. Numbers indicate bootstrap values lower than 90% (of 1,000 cycles).
